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GLVFXVVHV WKHPHFKDQLFDO SHUIRUPDQFH WHVWV FDUULHG RXW RQ D  N9 RYHUKHDG SRZHU WUDQVPLVVLRQ OLQH WRZHU EXLOW ZLWK )LEHU
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&35,%DQJDORUH,QGLDDUHSUHVHQWHG
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU /WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI 2UJDQL]LQJ&RPPLWWHHRI$00(
.H\ZRUGV &RPSRVLWHPDWHULDOV 0DWHULDOVWHVWLQJ 7UDQVPLVVLRQOLQHV 7RZHUV
 ,QWURGXFWLRQ
7KH LQFUHDVLQJGHPDQGIRUSRZHUUHTXLUHVFRQVWUXFWLRQRIQHZSRZHUSODQWVDQGDGGLWLRQDO WUDQVPLVVLRQ OLQHV
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2QHRIWKHFRQFHUQVLV WKH5LJKWRI:D\52:WKHVWULSRIODQGDFFRPPRGDWLQJWKHWUDQVPLVVLRQOLQHZKLFK
GHSHQGV RQ WKH YROWDJH DQG WHFKQLFDO VSHFLILFDWLRQ RI WKH OLQH 7KH LQFUHDVLQJ GHPDQG IRU SRZHU UHTXLUHV
FRQVWUXFWLRQRIQHZSRZHUSODQWVDQGDGGLWLRQDOWUDQVPLVVLRQOLQHV7KHSODQQLQJDQGHUHFWLQJRIQHZWUDQVPLVVLRQ
OLQHVKDYHEHFRPHDPDMRUSUREOHPLQPDQ\FRXQWULHVQRWRQO\EHFDXVHRIHQYLURQPHQWDO LPSDFWVEXWDOVRWRWKH
OLPLWHGVSDFH LQGHQVHO\SRSXODWHGDUHDV7KXVQHZWHFKQRORJLHVKDYH WREH GHYHORSHGDQG LQWURGXFHG ,Q WKH ODVW
IHZ GHFDGHV PDQ\ FRQFHSWV KDYH HPHUJHG LQ RYHUKHDG SRZHU OLQH GHVLJQV PDLQO\ FRQVLGHULQJ JURZLQJ
HQYLURQPHQWDOFRQVWUDLQWV2QHRI WKHFRQFHUQV LV WKH5LJKWRI:D\52: WKHVWULSRI ODQGDFFRPPRGDWLQJ WKH
WUDQVPLVVLRQOLQHZKLFKGHSHQGVRQWKHYROWDJHDQGWHFKQLFDOVSHFLILFDWLRQRIWKHOLQH
,Q UHFHQW WLPHV SXEOLF RSSRVLWLRQ WR WKH FRQVWUXFWLRQ RI QHZ SRZHU OLQHV KDV LQFUHDVHG GXH WR DZDUHQHVV RI




52: 7KHUHIRUH LW FRXOG EH SRVVLEOH WR EXLOG WRZHUV LQ WUDQVPLVVLRQ OLQHV E\ XVLQJ FRPSRVLWH PDWHULDOV IRU
UHVROYLQJWKHDERYHSUREOHPV +VHLQ<DQJ<HKHWDO>@VWXGLHGWKHIHDVLELOLW\RIEXLOGLQJDWUDQVPLVVLRQWRZHU
IURPFRPSRVLWHPDWHULDO(JODVVDQG9LQ\OHVWHU
+VHLQ /LDQJ<HKHWDO>@FDUULHGRXWWKHIDLOXUHDQDO\VLVRI D FRPSRVLWHWUDQVPLVVLRQWRZHUDQGFRPSDUHG WKHLU
UHVXOWV YDULRXVIDLOXUHFULWHULD $OLSRXUHWDO>@LQWURGXFHG D SRO\PHUFURVVDUPWRPDNHRYHUKHDGWUDQVPLVVLRQOLQHV
PRUHFRPSDFWDQGVWXGLHG LWV LQIOXHQFHRQGHFUHDVLQJWKH52:RIWUDQVPLVVLRQOLQHV,]XPLHWDO>@GHYHORSHGOLQH
SRVW W\SHSRO\PHU LQVXODWLRQ DUP IRU N9DQG WHVWHG LWV PHFKDQLFDO DQG HOHFWULFDO SHUIRUPDQFH WKURXJK D IXOO
VFDOHPRGHOZLWKKROORZ)53HOHPHQWVPDGHE\ILODPHQWZLQGLQJSURFHVV %ULDQ&:HWDO>@VWXGLHGPRGLI\LQJ
WKHH[LVWLQJN9WUDQVPLVVLRQWRZHUWRN9ZLWKLQVXODWHGFURVVDUPWRUHGXFH WKH 52: +HLGDUL	+HLGDUL





PDWHULDO WRZHU EXLOW IURP SXOWUXGHG VWUXFWXUDO VHFWLRQV IRU ILUVW WLPH LQ ,QGLD 7KH SHUIRUPDQFHV RI WKH )53
FRPSRVLWHPDWHULDOWRZHUXQGHUPHFKDQLFDOORDGLQJDUHSUHVHQWHGLQWKLVSDSHU
 'HYHORSPHQWRIFRPSRVLWHFURVVDUP
7KH FRPSRVLWH FURVV DUPKDVEHHQEDVLFDOO\GHVLJQHG WR UHSODFH VWHHO FURVV DUPZLWK FHUDPLF LQVXODWRUV 7KH
FRPSRVLWHFURVVDUP FRQVLVWVRIIRXUSXOWUXGHGVWUXFWXUDOHOHPHQWVIDEULFDWHGIRUDN9 GRXEOHFLUFXLWWUDQVPLVVLRQ
OLQHDVSHUUHFRPPHQGDWLRQVLQ,63DUW6HFDQG,63DUW6HF5$>@>@(DFK
HOHPHQW FRPSULVHV RI D VROLG FRUH PHWDO HQGILWWLQJV DQG VLOLFRQH UXEEHU KRXVLQJ ZLWK VKHGV 7KH FRUH LV D
FRPSRVLWH SXOWUXGHG URGZKLFK VXVWDLQVPHFKDQLFDO ORDGV7KH    UHLQIRUFLQJ    ILEHU   XVHG LV (JODVV E\
ZHLJKWDQGWKHPDWUL[E\ZHLJKWLVHSR[\UHVLQ7KHFRPSRVLWHURGLVPDQXIDFWXUHGE\SXOWUXVLRQSURFHVV
ZKHUHUHLQIRUFHPHQWLVLPSUHJQDWHGZLWK UHVLQDQGSXOOHGWKURXJKDKHDWHGGLHZKLFKGHOLYHUVILQDOVKDSHIRUFURVV
VHFWLRQ 7KHVLOLFRQH UXEEHUKRXVLQJSURYLGHVHOHFWULFDO LQVXODWLRQDQGSURWHFWV WKHFRPSRVLWH URG7KHVKHGVDUH
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7DEOH0DWHULDOSURSHUWLHV
3URSHUWLHV 6XSSOLHUV¶YDOXH 7HVWHGYDOXH $6707HVWPHWKRG
6SHFLILFJUDYLW\   '
:DWHUDEVRUSWLRQ   '
&RPSUHVVLRQVWUHQJWK1PP   '
7HQVLOHVWUHQJWK1PP   '
)OH[XUDOVWUHQJWK1PP   '
,PSDFWVWUHQJWKN-P   '
'LHOHFWULFVWUHQJWKLQRLON9PP   '
7KHDVVHPEO\ RIIRXUVWUXFWXUDOHOHPHQWVZKLFKLV FRQVLGHUHGIRUWKHSUHVHQWVWXG\ LVVKRZQLQ)LJ 7KH WZR
KRUL]RQWDO HOHPHQWV ZLWKDQRSHQDQJOHRI LQKRUL]RQWDOSODQHUHVLVWORQJLWXGLQDOORDGVDQGWUDQVYHUVHORDGV 7KH
WZR VXVSHQVLRQWLH HOHPHQWV DWDQDQJOHRI LQYHUWLFDOSODQHUHVLVWYHUWLFDOORDGVDQGDOVRDYRLGDQ\XQFHUWDLQW\
RIWKHDPRXQWRIVWUHVVGLVWULEXWLRQEHWZHHQWZRFORVHO\VSDFHGPHPEHUV 6XLWDEOHHQGILWWLQJV ZHUH GHYHORSHGWR
HQDEOHIL[LQJWKHFRPSRVLWHFURVVDUP RQ WKHWRZHUERG\





XVHGWRMRLQ ERWK WKHOHJPHPEHUVRIWKHWRZHUDQG WKH FURVVDUPWRWKHSXOOLQJSODWHDQGWRWKHWRZHUERG\
7KH SXOWUXGHG FRQQHFWLRQV RI WKLV FRPSRVLWH WRZHU DUH W\SLFDO SLQQHG WUXVV FRQQHFWLRQV WKDW KDYH WKH OLQH RI
DFWLRQRIWKH D[LDO IRUFH LQWKH WUXVV PHPEHUVPHHWLQJDWDSRLQW )LJ7KHFRQQHFWLRQVFRQVLVWRIPHFKDQLFDO
IDVWHQHUV WKDW MRLQVTXDUHKROORZWXEXODUVHFWLRQVLQVLQJOHRUGRXEOHVKHDUSODQDUFRQILJXUDWLRQV6SDFHUHOHPHQWV
DUH XVHG WR LPSURYH WKH JHRPHWULF ILWXS DQG WR DOORZPHPEHUV WR SDVV WKURXJK HDFK RWKHU WR FUHDWH V\PPHWULF
GRXEOHVKHDUFRQQHFWLRQV6PDOOSODWHDQGWXEHLQVHUWVDUHXVHGLQWKHOHJMRLQWVWRLPSURYHWKHORFDOEHDULQJVWUHQJWK
RILQGLYLGXDOKLJKO\ORDGHGPHPEHUV DVVKRZQLQ)LJ
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)LJ 3KRWRJUDSKVKRZLQJ OHJPHPEHUMRLQW )LJ 3KRWRJUDSKVKRZLQJSXOWUXGHGFRQQHFWLRQ RQ D FRPSRVLWHWRZHU
 'HYHORSPHQWRIFRPSRVLWHWRZHU
,Q WKHDQDO\VLVDQGGHVLJQRI WKH FRPSRVLWH WRZHU DQXPEHURI WKHRUHWLFDODVVXPSWLRQVDUHPDGH2QO\DFWXDO
WRZHUWHVWVVKRZKRZZHOOWKHWKHRUHWLFDOPRGHOFRUUHODWHVZLWKWKHDFWXDOVWUXFWXUH7KHFRPSRVLWHWRZHULV D KLJKO\
LQGHWHUPLQDWHVWUXFWXUHDQGWRHQVXUHWKHUHOLDEOHSHUIRUPDQFHRIFRPSRVLWHPDWHULDO D SURWRW\SHWHVWLVHVVHQWLDO
7KH WHVWV DUH FRQGXFWHG WR NQRZ WKH VWUXFWXUDO EHKDYLRU DQGSHUIRUPDQFHRI WKH FRPSRVLWH WRZHU XQGHUGLIIHUHQW
ORDGLQJ FRQGLWLRQV  7KH FRPSRVLWH WRZHU LV HUHFWHG YHUWLFDOO\ RQ ULJLG IRRWLQJV DW WKH 7RZHU 7HVWLQJ 6WDWLRQ RI
&HQWUDO3RZHU5HVHDUFK,QVWLWXWH%DQJDORUH ,QGLDDV FDQEHVHHQ LQ)LJ WKH ORDGVDUHDSSOLHGDFFRUGLQJ WR WKH
ULJJLQJ DUUDQJHPHQW WKURXJK VWHHOZLUH URSH DWWDFKPHQWV 6WDQGDUG WUDQVYHUVH YHUWLFDO DQG ORQJLWXGLQDO ORDGV DUH
DSSOLHGJUDGXDOO\WKURXJK WKH HOHFWULFDOO\ RSHUDWHGZLQFKHV E\ DYRLGLQJ WKHMHUNVDV REVHUYHG LQ)LJ7KH
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JUDGXDWHG PHWDOOLF VFDOHV DUH IL[HG DW SHDN WRS PLGGOH DQG ERWWRP FURVV DUP OHYHOV RQ WKH WUDQVYHUVH DQG
ORQJLWXGLQDOIDFH5HDGLQJVRQWKHVHVFDOHVZLWKUHIHUHQFHWRWKHSOXPEOLQHDUHWDNHQE\ DQ RSWLFDOWKHRGROLWH7KH




,QRUGHU WRHOLPLQDWHDV IDUDVSRVVLEOH WKHSOD\EHWZHHQ WKHEROWVDQG WKHKROHV WKURXJKRXW WKHVWUXFWXUH%ROW
WDNH XS WHVW LV GRQH LQ WKH EHJLQQLQJ 8QGHU WKLV WHVW DOO WKH WUDQVYHUVH DQG YHUWLFDO ORDGV DUH LQFUHDVHG
VLPXOWDQHRXVO\DVIDUDVSRVVLEOH WRRIWKHUHOLDELOLW\FRQGLWLRQORDGV7KHORDGVRQWKHWRZHUDUHKHOGIRURQH
PLQXWH'HIOHFWLRQUHDGLQJVDUHWDNHQIRU  12/2$'DQG/2$'('FRQGLWLRQV7KHORDGVRQWKHWRZHUDUHWKHQ
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 7HVWVXQGHU5HOLDELOLW\&RQGLWLRQV
7KHWUDQVYHUVHDQGYHUWLFDOORDGVDUHDSSOLHGDVIDUDVSRVVLEOHVLPXOWDQHRXVO\DWDOOSRLQWVLQVWHSVRI
DQG  7KHZDLWLQJSHULRGRI WZR PLQXWHLVPDLQWDLQHGLQHDFKVWHSDQG ILYH PLQXWHVZDLWLQJSHULRGREVHUYHGDW
WKHILQDOORDGLQJ 7KURXJKRXW WKHSURFHVVRI ORDGLQJXQGHUDOO WHVWV WKH WRZHU LVFORVHO\REVHUYHGIRUDQ\
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    
    
 6WUDLQ0HDVXUHPHQWV
,QRUGHUWRVWXG\WKHVWUXFWXUDO SHUIRUPDQFH RI WKH FRPSRVLWHWRZHUXQGHUPHFKDQLFDO ORDGWKUHHURVHWWHVWUDLQ





XQGHU HDFK ORDGLQJ FRQGLWLRQV 7KH VWUDLQ YDULDWLRQV ZLWK UHVSHFW WR FKDQJH LQ WKH PDJQLWXGH RI ORDGV DUH
FRQWLQXRXVO\PRQLWRUHGWKURXJK'$4V\VWHP
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)LJ D 7KUHHURVHWWHVWUDLQJDXJHVPRXQWHGRQWKHOHJPHPEHUE2QWKHFURVVDUPPHPEHUV
 5HVXOWVDQG'LVFXVVLRQ
7KHFRPSRVLWHWRZHUVXFFHVVIXOO\ZLWKVWRRG UHFRPPHQGHG GHVLJQORDGVDVSHU,6 ZLWKRXWDQ\YLVLEOHVLJQ
RIIDLOXUH )URPWKH)LJDQGLWVKRZVWKDW WKHPD[LPXPGHIOHFWLRQDWWKH SHDNRIWKHWRZHULVPPXQGHU
VHFXULW\ FRQGLWLRQDQG PPXQGHU UHOLDELOLW\ FRQGLWLRQ:KHQWKHORDGLQJLVFRQWLQXHGXSWRN1
WLPHVWKHGHVLJQORDGVRQHRIWKHOHJPHPEHUGHYHORSHGFUDFNQHDUWKHWRSRIFURVVDUPLQGLFDWLQJILUVWYLVLEOHVLJQV
RIIDLOXUH
7KH5LJKWRI :D\52: UHTXLUHPHQW IRUDW\SLFDON9WRZHU LV HIIHFWLYHO\EURXJKWGRZQ E\ DERXW
 ZKHQFRPSRVLWHWRZHULVXVHGLQSODFHRIVWHHOWRZHUVDQGDOVRWKHZHLJKWRIFRPSRVLWHWRZHULVEURXJKW
GRZQ WR   1 DV DJDLQVW  1 RI VWHHO WRZHU 7KH KHLJKW RI FRPSRVLWH WRZHU UHGXFHG E\ DERXW 
FRPSDUHGWRVWHHOWRZHUVDVVKRZQLQ)LJ
































)LJ /RDG9V'HIOHFWLRQ5HOLDELOLW\FRQGLWLRQ )LJ /RDG9V'HIOHFWLRQ6HFXULW\FRQGLWLRQ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)LJ D&RQYHQWLRQDOVWHHOWRZHUE3URSRVHGWRZHUZLWKFRPSRVLWHPHPEHUV
 &RQFOXVLRQ
%XLOGLQJDWUDQVPLVVLRQ OLQH WRZHUIURP(JODVVDQG(SR[\UHVLQ WKDWPHHWVWKHVDPHPHFKDQLFDOUHTXLUHPHQWWKDQ
DVWHHOWRZHULVIHDVLEOH VDYLQJLVDFKLHYHGLQ52:UHTXLUHPHQWIRUN9OLQHV 7KHWRZHUKHLJKWUHGXFWLRQ
RI  LV DFKLHYHG FRPSDUHG WR VWHHO WRZHUV  7KH FRPSRVLWH FURVV DUP FDQ EH XVHG IRU XSUDWLQJ WKH H[LVWLQJ
RYHUKHDG WUDQVPLVVLRQOLQHV %HFDXVHRIWKHOLJKWZHLJKWWKLVW\SHRIWRZHUVFDQEHXVHGIRUHDUWKTXDNHSURQH]RQHV
DVZHOODV IRU (PHUJHQF\5HVWRUDWLRQ6\VWHP (56 WRZHUV +HQFHWKHUHVXOWRIWKHVWXG\HQFRXUDJHVWKHSRVVLELOLW\
RIXVLQJFRPSRVLWHFURVVDUPHLWKHUZLWKVWHHO WRZHUERG\RU)53FRPSRVLWH WRZHUERG\ WRUHGXFH WKHKRUL]RQWDO
SKDVHGLVWDQFHWREXLOGFRPSDFWWUDQVPLVVLRQOLQHV




7KDQNV    DUH     DOVR     GXH    WR   6KUL 6KDUDQ*RXGD 6HQLRU 5HVHDUFK )HOORZ RIILFHUV DQG WHFKQLFLDQV RI
0HFKDQLFDO(QJLQHHULQJ'LYLVLRQRI&HQWUDO3RZHU5HVHDUFK,QVWLWXWH &35, IRUWKHLUNLQGFRRSHUDWLRQLQFDUU\LQJ
RXWWKHH[SHULPHQWDOVWXGLHVRIWKLVZRUN
5HIHUHQFHV
+VHLQ <DQJ<HKDQG6DPXHO&<DQJ³%XLOGLQJRIFRPSRVLWHWUDQVPLVVLRQWRZHU´-RXUQDORI5HLQIRUFHG 3ODVWLFVDQG&RPSRVLWHV

+VLHQ<DQJ<HK+VLHQ/LDQJ<HK³6LPSOHIDLOXUHDQDO\VLVRIWKHFRPSRVLWHWUDQVPLVVLRQWRZHU´-RXUQDORI5HLQIRUFHGSODVWLFVDQG
FRPSRVLWHV
-DQQDW$OLSRXU+$PLQQHMDG6-D]DHUL0'HFUHDVLQJ WKH5LJKWRI:D\RIWUDQVPLVVLRQOLQHVE\XVLQJWRZHUV ZLWKSRO\PHULQVXODWLRQDUPV
,(((FRQIHUHQFH32:(5(1*3RUWXJDO
.XQLND]X,]XPL7DNHVKL7DNDKDVKL+LUR\D+RPPD'HYHORSPHQWRI/LQHSRVWW\SHSRO\PHULQVXODWLRQDUPIRUN9 ,(((7UDQVDFWLRQVRQ
3RZHU'HOLYHU\
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